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Abstract Potential tsunami generated in the Okinawa Trench or the Manila Trench may attack the
southeast coast of China. The continental shelves with extremely gentle slope in the China Seas aﬀect
the evolvement of tsunami waves. In this paper, we carry out the simulation of tsunami propagation
based on the fully nonlinear and highly dispersive Boussinesq model, which could describe the
nonlinearity and dispersion of water waves quite well. So the undulation characters could be well
presented. In terms of the real topographies of the East China Sea and the South China Sea, we
take some typical proﬁles to simulate the hypothetical tsunamis generated in the Okinawa Trench
and the Manila Trench. Diﬀerent waveforms in the near shore regions are obtained. The N -shape
tsunami waves will evolve into long wave trains, undular bores or solitons near the coastal area. The
numerical results of the near shore waveform provide essential conditions for the further studies of
tsunami runup and inundation. c© 2013 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1303205]
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Even though the cross Paciﬁc Ocean tsunamis can
be ignored for safety assessment of the coasts of China,
the eﬀects of local tsunamis on the coasts, potentially
caused by the giant ruptures in the deep trenches near
the continental shelf, have been received attention af-
ter the Indian Ocean tsunami in 2004 and the East
Japan Ocean tsunami in 2011. It is believed that there
are potential tsunami sources due to the fault ruptures
along the Okinawa Trench in the East China Sea and
Manila Trench in the South China Sea. Observations of
the recent tsunami events (e.g., Flores Island tsunami1
in 1992, Okushiri tsunami2 in 1993 and Indian Ocean
tsunami3 in 2004, etc.) indicated that tsunami waves
usually appear to be N -shape waves. No obvious defor-
mation is observed when theN -waves propagate on con-
stant depth in a Paciﬁc scale distance. Models based on
the KdV (Korteweg–de Vries) equations and the Boussi-
nesq equations could catch this speciﬁc phenomenon
well.4,5 However, several recent literatures referred that
the tsunami waves develop into undular bores when
they propagate on gentle sloping beach.6,7 These undu-
lar bores may lead diﬀerent characteristics to the wave
runup when tsunamis approach the coastline. So, it is
essential to understand and clarify the speciﬁc tsunami
waveforms in the coastal area, which will provide nec-
essary boundary conditions for numerical simulation or
experimental test of tsunami runup on beaches.
There are some similarities in the topographies of
the East China Sea and South China Sea. Both of
them are composed of wide continental shelves and deep
trenches. Figure 1 shows a typical proﬁle of the East
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Fig. 1. Proﬁle of the East China Sea.
China Sea from Shanghai to the Okinawa Trench. The
length of the continental shelf is about 600 km and the
depth at the edge of the shelf is only about 100 m. So
the slope is extremely gentle that tan θ ≈ 1:6 000. The
topography of the South China Sea is much diversiﬁed.
The slope of continental shelf changes from 1:300 to
1:800. We pick up two proﬁles from this region, as
shown in Figs. 2 and 3. The length of the continental
shelf is about 200 km and 400 km, respectively. Based
on the hypothetical tsunamis induced by the submarine
seismic movements at the trenches in the China Sea,
the evolvement of the tsunami waves propagating on
the long and gentle continental shelves will be studied
in this paper.
The tsunami propagation model used in this paper
is based on the horizontal one-dimensional fully non-
linear and highly dispersive Boussinesq equations. As-
suming the ﬂuid is incompressible and the ﬂow is irrota-
tional. A Cartesian coordinate system is adopted. The
x-axis locates on the still water and the z-axis points
vertically upwards. The ﬂuid domain is bounded by the
sea bed z = −h(x, t) and the free surface z = η(x, t).
The kinematic boundary condition and the dynamic
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Fig. 2. Proﬁle 1 of the South China Sea.
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Fig. 3. Proﬁle 2 of the South China Sea.
boundary condition of free surface are as follows
ηt − w˜ + ηxu˜ = 0, (1)
V˜t + gηx +
1
2
∂x[V˜
2 − w˜2(1 + η2x)] = 0, (2)
where
V˜ = u˜+ w˜ηx. (3)
Here η is the surface elevation, t is the time, and g
is the acceleration of gravity.
The kinematic bottom boundary condition is
wb + ubhx = −ht, (4)
where ub is the horizontal velocity component and wb
is the vertical velocity component evaluated on the bot-
tom. u˜ is the horizontal velocity component and w˜ is the
vertical velocity component deﬁned on the free surface.
The right-hand term in Eq. (4) represents the temporal
varying bottom which could simulate the seabed move-
ment inducing tsunami. Simpliﬁed seabed deformations
are also established to perform submarine earthquakes
with diﬀerent magnitudes.8 The ﬂow ﬁeld could be ex-
pressed as
u(x, z; t) = cos(z∂x)u0 + sin(z∂x)w0, (5)
w(x, z; t) = cos(z∂x)w0 − sin(z∂x)u0. (6)
Equations (1)–(6) compose the high order Boussi-
nesq wave model. The truncated Taylor series operators
with the accuracy of Pade´ approximation are deﬁned by
cos(λ∂x) = 1− 4λ
2
9
∂2x +
λ4
63
∂4x, (7)
sin(λ∂x) = λ∂x − λ
3
9
∂3x +
λ5
945
∂5x. (8)
The details of the numerical method for solving
the high order Boussinesq equations could be found in
Madsen et al.9 for the one-dimensional case. In the
calculation, velocity components uˆ and wˆ on an arbi-
trary water level are introduced. In the present work,
zˆ = −h/2 is chosen with considering both the non-
linearity and dispersive eﬀect. In order to compute
the ﬁfth-derivatives numerically, seven points diﬀerence
stencil is introduced. For time integration, the ﬁfth-
order Cash–Karp–Runge–Kutta scheme is used. The
Savitzky–Golay smoothing method is applied to smooth
the output surface elevation. After including transient
beach variation in Eq. (4), the properties and accuracy
of the Boussinesq equations on the transfer function be-
tween the beach variation and the free surface elevation
are discussed by Zhao et al.10 For long waves in water
especially for tsunami waves, the proposed Boussinesq
equations with the operators of Pade´ series approxima-
tion, Eqs. (7) and (8) could provide suﬃcient accuracy
for the transient beach movements. At the same time,
the fully nonlinearity and highly dispersive property are
retained in the model.
The wave length of tsunami induced by submarine
earthquakes is hundreds kilometers, which is far larger
than the water depth. So the dispersion of tsunami
waves is very small in the open ocean. Numbers of
popular tsunami models, such as COMCOT, MOST,
TUNAMI, are based on the shallow water equations in
which the dispersion eﬀect is absent. These models pre-
dict the tsunami wave height, the inundation zone as
well as the tsunami arriving time perfectly. However,
shallow water equations can not perform the accumula-
tion of the dispersion during long propagation of waves.
When waves shoaling on a gentle sloping beach, both
nonlinearity and dispersion become larger due to the
increase of wave amplitude and the decrease of water
depth and wave length. So a nonlinear model with dis-
persive eﬀect is more suitable for simulating the wave
shoaling on a long gentle sloping beach.
Two earthquakes of M7.0 and M9.0 in the Okinawa
Trench are simulated ﬁrstly with the fully nonlinear
and highly dispersive Boussinesq model. The horizon-
tal one-dimensional calculation is carried out along the
proﬁle in Fig. 1. In the calculation, the grid size dx
and the time step dt are chosen to be 10 m and 0.1 s,
respectively. This grid size is good enough in the numer-
ical simulation of long waves with a wavelength about
hundreds kilometers. Meanwhile, the Courant number
cdt/dx is less than 1, where the wave speed c =
√
gh.
Figure 4 shows several snapshots of waveforms during
the propagation. The left column shows the earthquake
of M7.0 and the right column shows M9.0. Tsunami
waves inducing by the undersea earthquake propagate
to opposite directions. According to our hypothetic sub-
marine fault, tsunami waves with a trough in the front
move towards the shore.
For the earthquake of M7.0, the tsunami waves ap-
pear to be a wave train near the epicenter. As they
propagate on the continental shelf, the wave train ex-
pands gradually, but the height of the leading wave does
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Fig. 4. Evolvement of tsunami waves on the continental shelf in the East China Sea.
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Fig. 5. Evolvement of tsunami waves along proﬁle 1 in the South China Sea.
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Fig. 6. Evolvement of tsunami waves along proﬁle 2 in the South China Sea.
not increase obviously, about 0.17 m. When tsunami
waves arrive at the coastal region, a large crest appears
in the front of the wave. The crest height is about
0.6 m. Two or three crests form a group which appears
periodically.
For the earthquake of M9.0, the tsunami waveform
is an exact N -shape wave near the epicenter. The wave
length is about 75 km. After hundreds kilometers prop-
agation on the gentle continental shelf, a series of soli-
tary waves emerge. The amplitude is about 15 m at
x ≈ 320 km and t = 2.2 h. The water depth here is
about 80 m. A relative wave height H/h = 0.19 is
fairly large. Further propagation on this gentle slope
leads the soliton group to expand. Then the amplitude
of the solitary waves becomes smaller because of the
soliton ﬁssion process. As the tsunami waves approach
the coastline, the waveform becomes remarkable that
several solitons ride on a large N -shape wave with a
wavelength of about 40 km. The maximum height of
the tsunami wave is approximately 2 m.
Then we carry out the calculation in two typical
proﬁles of the South China Sea—proﬁle 1 and proﬁle 2,
as shown in Figs. 2 and 3. In these cases, the grid size
and the time step are chosen to be 20 m and 0.05 s,
respectively. For both two proﬁles, the water depth is
100–500 m on the continental shelf and is about 4 000 m
in the deep ocean. The main diﬀerence between the two
proﬁles is that the ratio in length of shallow water and
deep ocean is about 1:2 in proﬁle 1 and 2:1 in proﬁle 2.
The left column shows the earthquake of M7.0 and the
right column shows M9.0. According to the segment in-
formation identiﬁed in the USGS tsunami sources work-
shop 2006,11 we set a fault fracture with an uplift zone in
the west and a subduction zone in the east. So tsunami
waves with a crest in the front move towards the shore.
The induced wave train of earthquake M7.0 is quite
similar as the simulation results of the East China Sea.
But the wave height is very small, only about 0.03 m in
the coastal region. For the earthquake of M9.0, the wave
height is about 5 m and the wave length is about 100 km
near the epicenter. However, the waveforms near the
shore are quite diﬀerent with that of the East China
Sea. The shallow and gentle continental shelf in the
South China Sea is not as long as that in the East China
Sea, so the N -shape waves do not develop adequately.
Some undulations appear in the front of the N -shape
waves, but they do not have enough distance to form
individual crests. Comparing the lowest panel in the
right column of Figs. 5 and 6, the snapshots are at the
same time, t = 2.8 h. It is evident that the undulation
is more developed in the latter ﬁgure than in the former
one, which is because the distance of waves shoaling is
about 350 km in proﬁle 2 and is only about 200 km in
proﬁle 1.
In the present study, diﬀerent tsunami waveforms in
the coastal region are obtained numerically based on the
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real topographies of the China Seas. After long shoal-
ing process on the gentle continental shelves, tsunami
waves develop into long wave trains, solitary waves or
undular bores near the shore. These waveforms could
be considered as the essential conditions in the further
studies of tsunami runup and inundation.
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